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1 Introduction
The teacher of photovoltaics is faced by a number of challenges, many associated
with the interdisciplinary nature of the subject. A true expert in this field will have to
master topics as diverse as physics and astronomy, chemistry, material science and
electrical engineering, to say nothing of civil engineering and architecture if solar
cells are to be used as a building component. Somewhat fortuitously, the full breadth
of the subject is rarely needed, and a more limited syllabus can be chosen depending
on the profession or trade the students are likely to enter when they leave the higher
education establishment -  be it solar cell manufacture, PV system industry, or a
research institution. 
This paper focuses on a small part of this broad subject: how the fundamentals of
photovoltaics can be taught at a general level, to students who might have minimum
background in semiconductor physics or electronics. Indeed, it is shown that
photovoltaics can be explained in similar terms as the photochemical conversion
mechanism, including photosynthesis and the dye-sensitised solar cell. As a brief
interlude, Sec. 2 describes a more general course on photovoltaics which was given
for several years at Southampton University.
2 Solar Energy Conversion and Applications 
This five-day short course on was taught at Southampton University between years
1989 and 1991. In a somewhat modified form, the material for this course was later
selected UNESCO for its Energy Engineering Learning Package, and was published
by Wiley in 1994.1 The list of contents of the first edition is shown in Table 1. 
I am not going to discuss this course in any detail but would like to highlight one
elements of the system unit which is often overlooked in courses that take a more
conventional view of photovoltaic systems, and this is the distinction between stand-
alone and grid connected PV systems. At a superficial level, both types of systems
look similar (Fig. 1), and if one could treat the public supply system (“the grid”) as an
energy storage device, the analogy would be complete. But nothing is further from the
truth, as any engineer working in the electricity supply industry will corroborate. The
public supply system will “store” electricity – but only at a price. In fact, most
electricity supply systems will sell the electricity they buys from such distributed
source to another user, and buy or generate electricity when it is to be “returned”. For
such service, the electricity company will impose stringent requirements on the grid-
2connection of the PV generator which, in general, will need to satisfy the network
operator as to the safety and protection arrangements and the power quality of the
electricity exported to the network.
No such requirement exists, of course, on the design of the stand-alone system. Here,
however, the owner must ensure that the system is correctly sized to provide
electricity for the required purpose. Depending on the application, this means that the
size of the PV array and of the battery storage must be such that the PV system is
likely to supply power with the required reliability of supply. This will be very
different, for example, for marine signal equipment on a lighthouse than for an
electricity supply powering a television set in a holiday home. In return for being able
to tolerate lower reliability, the owner of the latter system will be able to buy a
smaller and cheaper system. 
The restriction on grid connection will apply to most distributed (or “embedded”)
generators but the latter consideration is typical for the design of PV systems.
3 Photovoltaics as an example of quantum energy conversion
At the research level, solar cells now embrace not only semiconductor devices but
also molecular structures. Furthermore, it is generally accepted that, at the
fundamental level, the photovoltaic conversion mechanism is remarkably similar to
the operation of the photosynthetic apparatus2,3 . It is therefore of interest to develop a
course which would present principles of solar cell operation without confining
discussion to semiconductor devices. This course can also serve as a convenient
vehicle for the discussion of the fundamental constraints imposed on such conversion
process by fundamental physical laws. A nucleus of such a course, presented at the
European Summer University in Strassbourg in 2002, is described briefly below. The
full text of the Strassbourg lecture is available at www.soton.ac.uk/~solar. 
We shall argue that the main principles of photovoltaics can be grasped by combining
two strands which might be called ‘Solar radiation as an energy source’ and ‘The
quantum converter’. Each strand is briefly outlined below.
a)  Solar radiation as an energy source (see diagram)
The principal features of solar radiation can be understood in terms of the radiation of
a black body at temperature close to 5800K (point 1 in the diagram, see Fig. 2). If
considered together with a “dilution factor” fω (2), this concept can be used to obtain
the solar constant  S – the average extraterrestrial irradiance (3). Assuming
atmospheric albedo to be equal to 0.7, the terrestrial irradiance SE with sun directly
over-head can then also be calculated (4). The mean daily irradiation is then obtained
with the use of a geometrical factor of  ¼ which takes into account the angle between
the sun rays and a plane parallel to earth’s surface (5). This figure, often called the
peak solar hours (PSH), is needed in the sizing of stand-alone PV systems. In practice,
of course, one uses the daily solar radiation near the site of the installation and its
variation throughout the year rather than the average value (Fig. 3). The mean solar
irradiance obtained using this formalism, can also be employed to discuss the nature
of the greenhouse effect (6), as discussed, for example, in the second edition of Solar
Electricity.1
3b) The quantum converter
The principal concept in energy conversion is the notion of conversion efficiency, and
it is useful to discuss this topic in some detail prior to the description of the actual
conversion mechanism. The efficiency of a classical heat engine is defined as the ratio
of the work done by the engine in one cycle divided by the heat energy supplied to the
working medium. It is therefore an energy efficiency:  the ratio of two numbers with
the dimensionality of energy. This efficiency attains the well-known maximum value
for an ideal heat engine operating according to the Carnot cycle. In contrast, the
efficiency of the solar cell is a power efficiency defined as the ratio of the useful
power supplied by the cell divided by the product of incident solar irradiance and the
cell area. No direct comparison can therefore be made between these two concepts.
Nevertheless, if one does apply the idea of Carnot cycle efficiency one would expect
that a photon with energy hν can only supply the amount 
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of useful work (or electricity). In Eq. (1), the second factor on the right hand side is
the Carnot factor for an engine operating between the black-body temperature of the
Sun TSun  and the ambient temperature T. As discussed in Sec. a, the solar radiation
observed at the Earth is a black body radiation diluted by factor fω, Eq. (1) should
therefore be supplemented by a second term obtained by a straightforward argument
based on entropy loss on dilution:
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The argument of the logarithm contains, in the denominator, the full solid angle 4π
but other values are sometimes used, notably 2π appropriate for a two-dimensional
geometry, as argued by Shockley and Queisser in their well known paper4 on limiting
efficiencies of solar cells. The value π is also sometimes used.
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4Let us now, for the moment, move the efficiency aside and turn to the conversion
process. The mechanism can be described in terms of a quantum converter, shown in
Fig. 4. The main part of the conversion system is a light absorber with two quantum
states where the absorption of a photon of light promotes an electron from the ground
state to an excited state. The conversion processes is completed by adding two other
states: an electron reservoir (which accepts an electron from the excited state) and a
hole reservoir (which accepts a 'hole' from the ground state or, in other words, donates
an electron to the ground state). 
A full discussion of the resulting conversion equation is discussed in the Strassbourg
lecture. Suffice it to say here that in steady state, the rate of energy extraction
(denoted by K) is equal to the rate of transfer of electrons and holes to the reservoirs
which, in turn, must be equal to the net excitation rate, i.e. 
R-  G K = (3)
In different applications, the rate K might be the rate of a photochemical redox
reaction which proceeds by electron transfer from redox couple 1 (denoted by D-/D,
where D stands for electron donor) to redox couple 2 (A-/A, where A denotes electron
acceptor): 
−− +↔+ ADAD (4)
The two terms G and R then correspond to the forward and reverse reaction (4). In a
solar cell, the rate K is related to the current in the external circuit I by
KqI = (5)
where q (>0) is the electron charge.
The (free) energy per electron in the two reservoirs (in other words, the electro-
chemical potentials, denoted by  µe and µh) play an important role in the  conversion
process. In thermal equilibrium µe = µh but in general, µe and µh will not be equal, and
an amount of external work equal to ∆µ = µe - µh can be carried out by transferring an
electron from the electron to the hole reservoir. This electron transfer models a
chemical redox reaction or, for semiconductor solar cell, the electrical current in an
external circuit. The quantum converter is therefore seen to be a good model, for
example, for the primary chemical reaction in photosynthesis (Figs. 5 and 6) which
corresponds to charge separation across a biological membrane, or for the dye-
sensitised solar cell (Fig. 7). 
It is not difficult to show that the reverse reaction rate R is an exponential function of
the electrochemical potential difference ∆µ. The forward  reaction rate G is
independent of ∆µ but depends on Tsun and on the intensity of sunlight. The final
result is an expression for the net reaction rate in the form
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5where Ko is a constant. With the replacement indicated in (5) of K for the electrical
current I and ∆µ for qV, Eq. (6) can be recognised as the Shockley solar cell equation,
depicted in Fig. 8.  The properties of this I-V characteristics have been amply
discussed in the literature (see, for example, ref. 1) and we need not dwell on this
subject here. Instead, let us return to complete our discussion with a brief look at
semiconductor solar cells, and how they fit into the pattern of “quantum converter”. 
The typical solar cell today, made of crystalline silicon, is shown in Fig. 9. A brief
inspection of the band diagram of this cell in Fig. 10 will reveal a close similarity
between the solar cell and the quantum converter. The main difference is the presence
of energy bands rather than single energy levels which can be accommodated without
much difficulty and I shall only quote the results. The short circuit current now
becomes an integral over the solar spectrum and the reader is again referred to the
ample literature on this subject. The comparison between theoretical values of the
short circuit current and open circuit voltage and the best measured values for solar
cells made form different materials is shown in Figs.  11 and 12. The short circuit
current is here calculated using the AM1.5 global spectrum used for testing actual
devices rather than the theoretical black body spectrum.  The voltage (or rather, the
product qVoc) can be recognised as energy E(hν) in the “energy efficiency” Eq. (2)
but a term 

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has been added to (2) to allow for the spread in energy of absorbed and emitted
photons, with different widths. The combination of current, voltage and the fill factor
then easily leads to the cell efficiency, shown in Fig. 13 for cell illumination under 1
sun (bottom curve) and concentrated sunlight (top curve).
4 Conclusions
The notion of solar cells is no longer restricted to semiconductor devices. A suitable
syllabus is therefore needed that would give students the necessary broad
prerequisites, especially if they are to enter PV research establishment after their
university studies. A possible framework for such course was outlined in Sec. 3.
Certain aspects of photovoltaic system engineering which differ from the
conventional power system treatment, were also briefly discussed in Sec. 2.
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